To assess the role of increased cytosolic free calcium (Caf) in the pathogenesis of acute proximal tubule cell injury and the protection afforded by exposure to reduced medium pH or treatment with glycine, fura-2-loaded tubules were studied in suspension and singly in a superfusion system. The Ca2" ionophore, ionomycin, increased Caf to micromolar levels and rapidly produced lethal cell injury as indicated by loss of lactate dehydrogenase to the medium by suspended tubules and accelerated leak of fura and failure to exclude Trypan blue by superfused tubules. Decreasing medium Ca2" to 100 nM prevented the ionomycin-induced increases of Ca, and the injury. Reducing medium pH from 7.4 to 6.9 or adding 2 mM glycine to the medium also prevented the cell death, but did not prevent the increase of Caf to micromolar levels. Cells treated with 1799, an uncoupler of oxidative phosphorylation which produced severe adenosine triphosphate (ATP) depletion, did not develop increases of Caf until just before loss of viability. Preventing these increases of Ca, with 100 nM Ca2" medium did not pro- 
Introduction
The normal tight regulation of cytosolic free calcium (Caf)' levels allows their use as intracellular signals and prevents damaging effects of uncontrolled activation ofCa2+-dependent degradative processes (1) . Disruption of intracellular Ca2' homeo-stasis accompanying lethal cell injury has been well documented (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . For these reasons, it has been widely discussed whether loss ofCa2' homeostasis is an important process, possibly the central mediator, that determines the transition to lethal cell injury, or is simply a late secondary consequence of loss ofplasma membrane integrity that results from other more primary events (2) (3) (4) (5) (6) (7) 12) .
Delineation of whether substantial increases of Caf consistently precede cell death and are modified by protective maneuvers is essential for establishing a pathogenetic role. Despite the availability and increasing application during the past several years of fluorescent indicators allowing assessment ofCaf, conflicting conclusions have been reached about the timing and extent of changes in Caf secondary to hypoxia or other adenosine triphosphate (ATP)-depleting maneuvers.
Early, reversible increases of Caf have been reported for anoxic, cultured monkey kidney tubule cells (LLC-MK2) (13) and for cultured dog kidney tubule cells (MDCK) treated with metabolic inhibitors (14) . However, the relationship of these changes to cell injury was not determined. In primary cultures of rabbit proximal tubule cells, large increases of Caf produced by ionomycin were promptly followed by cell death, but ATPdepleting inhibitors produced only moderate early increases of Caf and lethal cell injury was delayed well beyond the time during which Caf measurements were made (15) . Another divalent cation ionophore, A23 187, did not substantially injure freshly isolated proximal tubules, however, Caf was not measured (16) . Single hepatocytes in primary culture treated with cyanide plus iodoacetate didn't show increases ofCaf until just before lethal cell injury and preventing these increases by lowering medium Ca2+ to < 1 gM did not affect the timing of cell death (17, 18) , but a similarly treated hepatoma cell line showed substantial early increases of Caf and buffering these increases ameliorated injury (19) . Prelethal increases of Caf have been reported for both freshly isolated (20) and cultured (21) 
Proximal tubule cells are an important site of damage during ischemic and toxic forms ofacute renal failure (22) . Recent studies of hypoxic and metabolic inhibitor-induced injury to isolated proximal tubules have described potent protection against these lesions by reduced pH and the small, neutral amino acids, glycine and alanine (23) (24) (25) (26) (27) (28) (29) (30) . The work reported in this article was designed to clarify the role of altered Cak in the pathogenesis of proximal tubule cell injury and protection by reduced pH and glycine. Our results show that ionomycininduced increases of Car are highly toxic. Increases of Caf to micromolar levels also occur consistently before death in proximal tubules that are energy-deprived by treatment with an uncoupler of mitochondrial oxidative phosphorylation. However, such increases of Caf are not necessary for damage to occur in uncoupler-treated tubules. Furthermore, we show that reduced pH and glycine provide protection in spite ofionomy-cin and uncoupler-induced increases ofCaf equivalent to those seen in unprotected tubules.
Methods
Isolation oftubules. Proximal tubules were isolated from kidney cortex of male New Zealand white rabbits (-2.5 kg; Shankin's Rabbitry, Warren, MI) by collagenase digestion and isopycnic centrifugation on Percoll gradients (23, 25) . Final tubule pellets were resuspended at a concentration of 5-7.5 mg of tubule protein/ml in ice-cold medium gassed with 95% 0J5% CO2. The medium contained (in millimolar) 105 NaCI, 2.6 KCI, 25 NaHCO3, 2.4 KH2PO4, 1.25 CaCI2, 1.2 MgCl2, 1.2 MgSO4, and, for most studies, 2.5 probenecid.2 The incubation medium also included (in millimolar) 5 glucose, 4.5 sodium lactate, 1 alanine, and 10 sodium butyrate (solution A).
Loading of tubules with fura-2/acetoxymethylester (AM). To load cells with fura-2 (Molecular Probes, Inc., Eugene, OR) for measurements of Caf in single superfused tubules, 25 gl of a 1.0 mM stock solution of fura-2/AM in dimethylsulfoxide was vigorously mixed into 500 Ml of medium without tubules and the mixture was then added to 4.5 ml ofthe tubule suspension to produce a 5 ,M final concentration.
The siliconized, 25-ml Erlenmeyer flask containing these tubules was gassed with 95% OJ5% CO2, sealed, and gently shaken in a water bath at room temperature for 60 min. The tubules were then pelleted by centrifugation at 30 g, washed twice in ice-cold medium containing (in millimolar) 110 NaCl, 3.5 KCI, 1.0 KH2PO4, 1.25 CaCl2, 1.0 MgCl2, and 25 Na-Hepes, pH 7.2, and were resuspended in this medium (solution B). 500-Ml aliquots of suspension were then uniformly applied to 25-mm diam no. 1/2glass coverslips (Nicholson Precision Instruments, Gaithersburg, MD) that had been precoated with poly-D-lysine. The coverslips were kept in covered 35-mm culture dishes at 4°C for a minimum of 20 min to allow maximal settling and adherence of tubules before study.
To prepare fura-loaded tubules for studies in suspension, a similar loading procedure was followed except 50-ml aliquots of tubules were incubated in 250-ml flasks during the loading period. At the end of the fura-loading procedure tubules were washed with solution B and dispensed as 5-ml aliquots into 25-ml flasks that were kept ice cold until use.
Some studies oftubules in suspension were done using probenecidfree medium and tubules that had not been fura-loaded. After preparation, these tubules were resuspended in a solution ofidentical composition to solution A except for the omission of probenecid. 5-ml aliquots of the tubule suspension were placed in 25-ml flasks, gassed with 95% OJ5% C02, sealed, and kept ice cold until use.
Measurement ofCaf in superfused tubules. A coverslip with adherent tubules was mounted in a Dvorak-Stotler culture chamber (Nicholson Precision Instruments) and perfusion at 0.82 ml/min from a 20-ml syringe using a pump (model 975, Harvard Apparatus Co., Inc., South Natick, MA) was started immediately with a solution similar to solution A except that the alanine concentration was reduced to 0.3 mM and the sodium butyrate concentration was reduced to 5 mM (solution C). These concentrations were chosen to approximate those present when tubules in suspension studies were treated with experimental agents after a preincubation period during which substrate metabolism was occurring.
The chamber was mounted on the stage of an inverted microscope (Nikon Inc., Garden City, NY) connected to a CM-2 spectrofluorometer system (Spex Industries, Inc., Edison, NJ) utilizing the DM 3000 2. Probenecid was used to inhibit compartmentalization and extrusion of fura-2 (31, 32) . Although sufficient fura-2 loading for assessment of Caf could be achieved in the absence of probenecid, the organic acid transport inhibitor greatly increased sensitivity ofthe system and facilitated the use offura leakage from tubules as an index ofinjury (detailed in Results). The effects ofprobenecid to increase fura loading were dose dependent between 0.5 and 2.5 mM, the practical limit of its solubility in our solutions at 37°C. (23) . Lactate dehydrogenase (LDH) was measured in the medium before and after the addition of 0.1% Triton X-100 as described (25) achieved in tubules reincubated at 37°C immediately after the wash as well as in tubules kept cold for 100 min. prior to reincubation (Table I) . 10 ,uM ionomycin and 20 MM 1799 each increased LDH release from fura-loaded tubules suspended in probenecid-containing medium during 15 min of incubation relative to time controls (Table I ). The combination ofionomycin + 1799 had a greater effect than either agent alone. This LDH release was strongly ameliorated by 2 mM glycine or lowering the medium pH to 6.9 during toxin exposure.
In tubule preparations incubated in probenecid-free medium and not loaded with fura-2 (Table II) , LDH release produced by ionomycin and ionomycin + 1799 was very similar to that seen in the fura-loaded tubules, while LDH release produced by 1799 alone was somewhat greater than that seen in fura-loaded tubules. The general pattern of protective effects was similar to the fura-loaded tubules in that LDH release secondary to 1799 alone, ionomycin alone, or both agents in combination was significantly ameliorated by glycine or reduction of the medium pH to 6.9. In contrast to the observations with fura-loaded tubules where pH 6.9 and glycine were equivalently protective against all three insults, pH 6.9 in this series of experiments with unloaded tubules provided less protection than glycine against ionomycin + 1799. The experiments with Cytosolic Free Cakium during Proximal Tubule Injury 583 Values are means±SE of results from three experiments. All toxin-treated groups except for 1799, 2 mM glycine, and 1799, pH 6.9 had significantly higher percent free LDH values than the corresponding time controls (P < 0.05 or better). All toxin-treated groups except for 10 AM ionomycin at pH 6.9 had significantly lower ATP levels than corresponding time controls (P < 0.01). All 1799-treated groups had significantly lower ATP levels than corresponding groups that did not receive 1799 (P < 0.01). Abbreviation: ION, ionomycin. * P < 0.01 vs. corresponding 10 MM ionomycin group. * P < 0.05 vs. corresponding no further additions group. §P < 0.01 vs. corresponding no further additions group.
I P < 0.01 vs. corresponding glycine-treated group.
unloaded tubules also included a comparison of effects of 10 and 15 AM concentrations of ionomycin (Table II) . 15 ,M ionomycin induced more LDH release than 10 MM ionomycin when tubules were treated with ionomycin alone, but not when they received ionomycin + 1799.
In the fura-loaded tubules, tubule cell ATP and K+ levels were significantly decreased by ionomycin, 1799, and the combination of both agents (Table I ). The effects of ionomycin were less severe than those of 1799. With ionomycin alone, glycine tended to promote the decreases of ATP and K+, whereas pH 6.9 tended to ameliorate them, but the differences were not statistically significant. In the presence of 1799, there were no differences of ATP or K+ among untreated, glycinetreated and pH 6.9-treated tubules. Changes of ATP levels in the unloaded tubules (Table II) were similar to those found in the fura-loaded tubules except that the effects of pH 6.9 medium to ameliorate ionomycin-induced decreases ofATP were statistically significant.
Effects of 1799, ionomycin, and glycine on Cap dye retention, and vital dye exclusion in single superfused tubules. Fig. 1 illustrates the behavior ofCaf in a typical control tubule. In this experiment, the raw 340-and 380-nm signals show a gradual downward drift before any manipulations (e.g., see bottom tracing ofFig. 3), although many tubules showed no drift at all. Caf, determined from the ratio of the 340-and 380-nm signals, was stable during the 1,000 s of control perfusion. Then the superfusion solution was changed to one consisting of 15 AM ionomycin + 2.5 mM EGTA in a nominally Ca2+-free medium, thus maximally decreasing Ca2+-dependent fluorescence of fura (Rmin). Subsequent perfusion with medium containing 15 AM ionomycin + 3.5 mM Ca2`produced a maximal Ca2+-sensitive fura signal (Rm.j) with large reciprocal changes at the two wavelengths; then fura fluorescence was quenched by perfusion with 200 MM MnCl2 to provide a background autofluorescence value for the tubule. In 65 tubules which underwent the full calibration procedure, basal Caf before any experimental manipulations averaged (+SE) 77.7±6.4.
A representative tubule treated with 10 AM ionomycin during the experimental period is shown in Fig. 2 . Caf increases sharply after introduction of the ionomycin and remains ele- a parallel loss of intensity of both signals at an accelerated rate beginning shortly after the peak of Caf, indicating extensive leakage of the dye. Consistent with this, the changes of the raw signals induced by the calibration procedure are much smaller in magnitude than those of control cells that have not lost dye (Fig. 2) . The ratios, however, still allow determination of the span of the Ca2'-sensitive fura response as in the control cells. Fig. 3 illustrates the responses of a typical tubule treated with 15 ,uM ionomycin in the presence of glycine. As in the tubule not treated with glycine (Fig. 2) , ionomycin increased Caf to the micromolar range. The main difference from the tubule not exposed to glycine is that the accelerated dye leak did not occur. Changes ofthe 340-and 380-nm signals induced by exposure to ionomycin were sustained until EGTA was introduced to start the calibration procedure. The calibration steps then produced large absolute changes of the signals much like those seen in control tubules, indicating excellent retention of fura by the cells.
Tubules treated with 1799 had a different pattern of behavior of Caf than tubules treated with ionomycin. Caf either remained unchanged for the 15-min exposure and accelerated leak of fura did not occur or, toward the end of the exposure, Caf increased to the micromolar range and this was immediately followed by leak of fura. Fig. 4 shows a tubule ofthe latter type where the leak started just before the end of the 15-min exposure to 1799 and continued during the calibration procedure. As a result, the amplitude of signal changes induced by the calibration maneuvers was diminished. Glycine-treated tubules also showed increases of Caf in a delayed fashion after exposure to 1799, but these were not followed by leakage of dye. Fig. 5 shows a 1799 + glycine-treated tubule which was studied the same day as the tubule treated with 1799 alone in Fig. 4 and which had an increase in Caf at a similarly late time point during exposure to 1799, just before the calibration procedure started. The absence of leakage before or during the calibration procedure is indicated by the large amplitude responses of the 340-and 380-nm signals to each of the calibration maneuvers (compare with effects of similar maneuvers in Fig. 4) .
Tracings from tubules treated with ionomycin + 1799 are not specifically illustrated because they were very similar to those from tubules treated with ionomycin alone. Caf immediately rose upon exposure to the agents and this was closely followed by an accelerated leak in the absence of glycine, but not when glycine was present.
In a total of 41 experiments, including at least two or three for every injury and protection condition studied, instead of doing the calibration procedure at the end of the experiment, we interrupted the perfusion to assess Trypan exclusion by perfusion with medium containing 0.2% Trypan blue. We found that tubules perfused in the absence of 1799 or ionomycin never had more than one or two Trypan positive cells of the 30-40 in the field covered by the photomultiplier. Tubules perfused with Trypan blue when both raw signals were rapidly decreasing had large numbers of Trypan-positive cells to the extent that virtually all cells were positive if Trypan was introduced when the signals had again plateaued at the end of the leak (e.g., 800 s in Fig. 2 ). In unprotected tubules that showed increases ofCaf, the changes ofCaf started before cells began to that did not leak, Trypan-positive cells did not develop irrespective of increased Caf. Table III summarizes the results of all studies in unprotected and glycine-protected tubules treated with ionomycin, 1799, or ionomycin + 1799 according to whether increases of Caf or loss of viability defined by accelerated dye leak occurred during 15 min of exposure. Ionomycin increased Caf to the micromolar level in all tubules studied and caused leakage of fura in seven of eight. 1799 increased Caf in 55% of the tested tubules and all ofthese increases were to micromolar Caf levels. All of the unprotected, 1799-treated tubules with increases of Caf subsequently leaked fura as illustrated in Fig. 4 . Glycine did not modify the increases of Caf produced by either ionomycin or 1799, but consistently prevented the leak of fura.
Effects of pH 6.9 on changes in tubule Caf and viability induced by ionomycin, 1799, and ionomycin + 1799. Perfusion of control tubules with pH 6.9 medium did not affect Caf (Table III). The increase of Caf produced by ionomycin tended to be slowed at pH 6.9, but still reached micromolar levels in every experiment (Fig. 6 A and Table III ). Ionomycin + 1799 produced a brisk increase of Caf to maximal levels in every experiment at pH 6.9 ( Fig. 6 B and Table III ). Three of the six tubules studied with 1799 alone at pH 6.9 had increases of Caf (Table III) . pH 6.9 was highly protective against loss ofviability as indicated by accelerated dye leak (Table III) .
Effects of 1799 and ionomycin on injury to suspended tubules treated with 100 nM Ca2' medium. Reduction of me- Fig. 3 . Neither tubule leaked fura in the raw 340-and 380-nm tracings (not shown).
dium Ca2" to 100 nM by addition of EGTA simultaneously with ionomycin strongly ameliorated ionomycin-induced LDH release during 15 min ofincubation (Fig. 7) . At this duration, 100 nM Ca2" medium did not have a significant effect on LDH release due to 1799 alone or the combination of ionomycin + 1799. However, a more detailed examination ofthe time course of these effects (Fig. 8) showed that reduction of medium Ca2+ to 100 nM did have a substantial protective effect on tubules treated with ionomycin + 1799 at 7.5 min of incubation. Changes of cell ATP induced by 1799 and ionomycin in these studies were generally similar to those detailed in Tables I and II and were not consistently altered by the reduction of medium Ca2+.
Effects of 1799 and ionomycin on Caf and viability of tubules superfused with 100 nM Ca" medium. Perfusion of control tubules with 100 nM Ca2+ medium gradually lowered Caf (Fig. 9 A) . A similar pattern was seen in tubules treated with ionomycin in 100 nM Ca2+ medium (Fig. 9 B) . No leakage of dye occurred in under either of these conditions (Table III) . Tubules treated with 10 Table III Mutually reinforcing and generally consistent data were obtained from three complementary experimental conditions: fura-loaded tubules studied in probenecid-containing medium in suspension, fura-loaded tubules studied singly while being superfused with probenecid-containing medium, and unloaded tubules studied in suspension in the absence ofprobenecid. Despite the different physical characteristics of the systems, the progression to lethal cell injury was comparable in the superfused and suspended cells, suggesting that changes in parameters such as cell ATP which could not be readily assessed in the superfusion system can be confidently inferred from the behavior of the suspended tubules. Although some quantitative differences of injury parameters between fura-loaded cells Figure H1 . Effect of 1799 on Caf in 100 nM Ca2+ medium. The tubule was perfused for -100 s under control conditions then with 100 nM Ca2" medium for 400 s followed by 20 MM 1799 in 100 nM Ca2+ medium. The terminal calibration procedure was the same as detailed for Fig. 3 . The large arrow in the bottom tracing of the raw 340-and 380-nm signals indicates the point at which the accelerated fura leak started. studied in the presence of probenecid and unloaded cells in probenecid-free medium were found, the experimental conditions required for determination of Caf did not alter the major patterns of injury responses or protective effects.
It has previously been reported (17, 18, 41, (23) (24) (25) (26) makes it likely that the present observations of Caf alterations will be of generalized applicability.
By consistently, rapidly increasing Caf to the micromolar range, ionomycin, as used in the present study, provided a valuable tool for further assessing the potential for increased Caf to contribute to tubule cell injury. Although relatively high concentrations of ionomycin were required to produce toxic effects in the fresh tubules, these were specific actions ofionomycin related to increases of Caf because toxicity did not occur when the increases of Caf were prevented by buffering medium Ca2`at 100 nM. This was true regardless ofwhether ionomycin was used alone or in combination with 1799 and is similar to previous reports on the Ca2`dependence of Ca2" ionophoreinduced injury in other cell types (15, 43, 44) . Although severe reductions of medium Ca2+ can be toxic to isolated cells, including tubule cells (45, 46) , this was not a problem with the durations of exposure used for the present work.
Selective protection by 100 nM Ca2' against ionomycin-induced but not against 1799-induced injury is particularly evident from the studies of ionomycin + 1799 in combination. There, 100 nM Ca2+ shifted the timing ofdamage from the very rapid pattern seen with ionomycin + 1799 in 1.25 mM Ca2+ to the slower pattern seen with 1799 alone, but, unlike glycine and reduced pH, did not substantially protect throughout the interval studied.
The requirement for high concentrations of ionomycin to maximally increase tubule Caf probably reflects active tubule cell Ca2' extrusion mechanisms rather than a low sensitivity to the ionophore. ATP was partially preserved in tubules treated with ionomycin alone and the relatively high K+ content of those tubules indicates retention ofsodium pump activity. This would allow continued Ca2+ extrusion by ionomycin-treated cells via both Ca2+-ATPases and Na+/Ca2' exchange (47, 48) .
Protection by glycine and reduction of pH to 6.9 in the present studies is similar to that which has been described during hypoxia-, ouabain-, and metabolic inhibitor-induced tubule cell injury (23) (24) (25) (26) (27) (28) . Our results indicate that both glycine and pH 6.9 have major protective actions irrespective of whether the increases of Caf occur rapidly in response to ionomycin or as a delayed effect of uncoupler-induced ATP depletion. The ionomycin + 1799 groups provide a condition in which both profound ATP depletion and maximal increases of Caf were particularly rapid, yet protection was clearly evident.
Decreased (Table II and references 25, 26, 29, and 30) , indicating that glycine acts on a process distal to these major events in the development of cell injury. The present studies demonstrate that increased Caf is another of the classical mediators ofcell injury whose ultimate deleterious action to compromise tubule cell viability is blocked by glycine and suggest that further examination ofthe effects of glycine an Ca2+-mediated degradative processes may be informative with regard to the amino acid's ultimate mechanism of protection.
